Sodium alginate (NaAlg), as a natural biopolymer, was electrospun from aqueous solution via blending with a biofriendly synthetic polymer polyethylene oxide. The morphology and chemical properties of resultant alginate-based nanofibers were characterized by using scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), powder X-ray diffractometer (PXRD), and differential scanning calorimetry (DSC). At a wide voltage window (i.e., 12-24 kV), smooth and uniform nanofibers were obtained from the 5.0% concentration with the NaAlg/PEO ratio ranging from 1 : 1 to 1 : 3. The results from FTIR, PXRD, and DSC demonstrate that molecular interaction exists between these two polymers and, therefore, contributes to the alteration of crystallinity of electrospun fibers. In addition, NaAlg/PEO nanofiber-coated polylactic acid (PLA) yarns with different twist levels were also fabricated in this work. The results show that the tensile strength of the nanocoated hybrid yarn and the tensile strength of uncoated yarn increase with the twist per centimeter (TPC) up to 0.5 but decrease when TPC is further increased. The tensile properties of hybrid yarn are superior to those of the uncoated yarn.
Introduction
Alginate is a generic name for the salts of alginic acid that can be extracted from the cell wall of brown seaweeds or synthesized via the metabolism of some bacteria [1, 2] . As a group of linear copolymer polysaccharide molecule, alginates are composed of uronic acid residues with a carboxyl group linked with the carbon outside the ring structure [3] . The synthesis of alginates involves the combination of two main monomers: mannuronic acid (M-unit) and guluronic acid (G-unit). Through the random assembly of these two acidic monomers, three types of sequences including polymannuronic acid (M-blocks), polyglucuronic acid (G-blocks), and MG-blocks can be formed with their unique spatial configurations [4] . Due to the -1-4 linkage existing in Mblock, it shows a linear and flexible structural conformation that can be swelled enormously and is mainly in the leaves of alginate. However, the G-block presents a folded and rigid configuration that is only swelled slightly because of its internal -1-4 linkage. Thus, it is mainly in the stem of alginate so as to provide stiffness for the molecular chains [5, 6] . Generally, alginates are insoluble in organic solvents but can be dissolved in water. When it is put in aqueous solution, the special conformation of G-block exhibits a strong tendency in binding bivalent metal cations with guluronic acids [7] . This binding behavior with cations also facilitates the collaborative combining with different molecules of the polymer, which leads to the emergence of ionotropic gel [4] . Therefore, the extent of gelation for alginic acids largely relies on the percentage of G-blocks inside the entire molecular structure. By virtue of its unique advantages, including biodegradability, biocompatibility, affinity with cell seeding and growth, nontoxicity, hydrophilicity, and relatively low cost, alginate has been widely used in biomedical industry (e.g., tissue scaffolding, wound dressing, skin healing, and drug delivery carrier) [8, 9] . With respect to conventionally manufactured alginate fiber with a diameter of tens or hundreds microns, nanoscale electrospun fibers can enhance the efficiency for some specific end-uses [10] .
Normally, owing to the limited solubility and high viscosity of this natural polyelectrolytic polymer, electrostatic spinning of pure alginate is a big challenge [11] . In order to solve this issue, flexible and uncharged synthetic polymers (e.g., PEO and PVA) can be added to improve its spinnability 2 International Journal of Polymer Science [12, 13] . Via the hydrogen bonds formed between alginate and these polymers, the repulsive force among polyanionic molecules is to a large extent decreased to facilitate the chain entanglement, which eventually allows the production of nanofibers [14] . Lu and his group investigated the electrospinnability of sodium alginate/PEO with a concentration ranging from 1% to 4% [15] . Only 3% solution can be employed to make smooth and even nanofibers with their average diameters around 250 nm. Bhattarai and Zhang found that the viscosity of the solution was an important element in regulating the spinnability [16] . By the extra addition of some surfactants (e.g., Triton X-100 and DMSO), the solution viscosity can be changed so as to improve the spinning capacity [17] . The structural integrity of resultant nanofiber mats can be strengthened via cross-linking with metal ion (e.g., Ca
2+ and Mg 2+ ) to fabricate a more durable tissue scaffolding material [18] . Likewise, the morphology of nanofiber mats was maintained by using a glutaraldehyde double cross-linking and the addition of polylysine in the study of Leung and his coworkers [19] . In 2011, Fang et al. produced a relatively pure alginate fiber by only introducing Ca 2+ into the sodium alginate solution. This success of this process was ascribed to the increase of intermolecular interactions and the decrease of surface tension [20] .
Coating on textile materials is usually employed to endow them with particular properties such as stability, tensile strength, abrasion or chemical resistance, and appearance effects [21] . Apart from the traditional techniques including dip coating, spray coating, drop coating, physical vapor deposition coating, and melt coating, electrospinning coating (ESC) provides a new alternative due to its capacity to produce and apply micro-or nanoscale fibers with higher specific surface area, leading to smaller pores and higher porosity on the substrate [22] [23] [24] . For instance, by coating electrospun polyamide-66 nanofibers on four different fibrous substrates, Heikkla et al. found that the filtration efficiency of submicron aerosol particles was enhanced by up to 90% compared to the uncoated samples [25] . Lee and Obendorf fabricated a protective clothing material with higher air permeability and water vapor transmission by laminating the polypropylene web from melt electrospinning onto nonwoven fabric substrates [26] . Recently, polymer nanofiber coating on the surface of a variety of substrates has also been studied for specific applications, including flame retardancy, battery separator, corrosion inhibitor, cartilage regeneration, and spray impact cooling [27] [28] [29] [30] [31] . However, owing to the relatively low mechanical strength and strain capacity, nanofiber layers are susceptible to rupture and delamination from the surface of textile substrates, reducing their durability [25, 32] . In order to avoid this drawback, some attempts have been made to enhance the adhesion of electrospun fiber mats on substrate surface, such as lowtemperature oxygen plasma treatment and nanocoating on yarns or filaments [23, 33] .
In this paper, the electrospinning of alginate-based nanofibers from aqueous solution is reported. By blending sodium alginate with PEO, the morphology and chemistry of resultant electrospun nanofibers were systematically investigated with a combination of a series of parameters, including solution concentration, electric voltage, and NaAlg/PEO ratio. Moreover, alginate-based nanofiber-coated PLA yarns with different twist levels were fabricated with the aim of integrating the mechanical strength of PLA yarn with the greater biocompatibility of alginate-based nanofibers. Based on our previous research on nanocoated yarns by ESC, the tensile strength of this hybrid yarn was further compared with the uncoated counterpart [23, 32] . This provides a new understanding of the tensile strength of NaAlg/PEO nanofiber-coated yarns, which is valuable in using nanocoated yarns to fabricate fabric structures for biological and medical applications such as wound dressing and sutures.
Experimental
2.1. Materials. PLA yarn composed of 216 multifilaments was provided by China Haining Xin Gao Fibers Co. Ltd. Polyethylene oxide (PEO) powder with average molecular weight (Mv) of 900,000 was purchased from Sigma-Aldrich Co. Ltd. Sodium alginate derived from brown algae was kindly provided by Convatec Inc. Deionized water as the solvent was obtained via the treatment of PURELAB 3000 (ELGA LabWater Co.). All the chemicals were used without any further purification.
Solution Preparation.
PEO and sodium alginate were dissolved into deionized water at room temperature. In order to gain homogeneous solution, the mixture was stirred gently by a rotating magnetic mixer (Kika Labortechnik RCT Basic Heater/Stirrer) for 24 h prior to electrospinning. Different concentrations (1-5%) and ratios (1 : 0-0 : 1) of NaAlg/PEO blended solutions were prepared for the following study. of 16 cm from the needle tip. All the spinning operations and drying of as-spun nanofibers were conducted at ambient conditions. For the ESC process, the only difference of the electrospinning setup was the utilization of two paper columns as the support of PLA yarn for nanocoating. The original PLA yarn with a constant length of 25 cm was stuck to these two columns at a fixed height to ensure that the central part of deposited nanofibers could be collected by the yarns. The coating distance between the needle tip and the nanocoated yarn was fixed at 13 cm. Figure 1 illustrates the NaAlg/PEO nanofiber coating by electrospinning with the formation of a triangular coating mat on the PLA yarn.
Electrospinning and ESC

Twisting of Yarns.
Both NaAlg/PEO nanofiber-coated and uncoated PLA yarns with the length of 25 cm were twisted by using a twist counter (James H. Heal Co. Ltd.). Each single yarn from these two groups was twisted into five different levels: 0 TPC, 0.5 TPC, 1.0 TPC, 3.0 TPC, and 5.0 TPC.
Characterization.
A small piece of sample was prepared via cutting from the electrospun nanofiber mat deposited on the aluminum foil and then adhered to a specimen stub with carbon tape. With the view of minimizing charging effect, the nanofiber sample was sputtered a thin layer of gold or carbon by Edwards S150B Sputter Coater or precision etching coating system (Model 682, Gatan Inc.). After that, the stub with alginate nanofiber was placed into a Philip XL-30 SEM (SEMTech Solutions Inc.) and imaged with magnification of 20,000x for morphological and dimensional characterization. For each image, at least 30 different points were randomly chosen to measure their average diameter. With the application of NIH ImageJ software, fiber diameters were calculated from the image through converting pixels to corresponding standard unit of length. Infrared spectra were obtained by employing the Nicolet 5700 FTIR (Thermo Scientific Inc.) with the scanning scope ranging from 600 to 4000 cm −1 at a resolution of 4 cm −1 to explore the change in molecular structure of alginate nanofibers electrospun from different ratios of alginate to PEO. Powder X-ray ∘ with a step size of 0.03 ∘ . The thermal properties and crystallinity of electrospun alginate nanofibers with different NaAlg/PEO ratios were determined quantitatively through the analysis of DSC (FP85 TA Cell, Mettler-Toledo Ltd.) instrument coupled with a liquid nitrogen cooling system. All samples were weighed by Mettler MT5 and tested in crimped aluminum pans with a heating rate controlled at 10 ∘ C/min. The measuring temperature ranges from 30 ∘ C to 140 ∘ C. The tensile properties of uncoated and nanocoated PLA yarns with different twist levels were measured on an Instron 4412 tester by using a load cell of 100 N with a constant crosshead speed of 10 mm/min. Three specimens were measured for each PLA yarn with the same treatment.
Results and Discussions
Effect of Solution Concentration on the Morphology and
Diameter of Electrospun Nanofibers. In order to improve the spinnability, PEO was added into the alginate solution as a supporting polymer. With the flow rate, applied voltage, and working distance controlled at 0.4 mL/h, 12 kV, and 16 cm, respectively, and the sodium NaAlg/PEO ratio kept at 1 : 1, the solution concentration was varied from 1 to 5 wt% to analyze its influence on the quality of electrospun fibers. As it is shown in Figure 2 , beads-on-string structures can be clearly seen in the fibers spun from solution concentrations ranging from 1 to 2%. However, with the increase of concentration within this range, the bead frequency gradually decreases. It can also be observed that the shape of beads shifted from spherical to spindle-like when the solution concentration rises from 2 to 4%. Meanwhile, the fibrous structure improves dramatically in which the number of spindle-like formations is significantly reduced. For the 5% solution, smooth fibers are formed without any defects.
For the bicomponent solution with total concentration less than 3%, average diameters varying from 32 to 53 nm can be observed from the resultant electrospun fiber mats. This is smaller than the diameters (97 and 132 nm) produced from 4 and 5% concentrations and is primarily due to the existence of more bead-or spindle-like defects which reduce the mass transfer onto the fiber stem. In addition, two neighboring beads or spindles also play an additional role in further stretching the connecting fiber stem. On the whole, the average diameter and distribution of resultant fibers increase when the solution concentration becomes higher. This is similar to results reported in the literature [15] .
Effect of Electric Voltage on the Morphology and Diameter of Electrospun Nanofibers.
At constant flow rate (0.4 mL/h), working distance (16 cm), solution concentration (5%), and NaAlg/PEO ratio (1 : 1), the applied voltage was varied from 0 to 30 kV in order to study the effects of the applied voltage and to obtain the optimum processing voltage. The result indicates that continuous liquid jet is formed when the voltage is between 12 and 24 kV. When the voltage is too low or too high, spinning becomes either intermittent or fails completely. Three voltages (12 kV, 18 kV, and 24 kV) were selected to further examine the influence of voltage on fiber morphology and diameter. Figures 3 and 4 depict the nanofiber morphology and diameter distribution, as well as the relationship between the applied voltage and the fiber average diameter. From Figure 4 it can be seen that the fiber diameter is the smallest at 18 kV. As the voltage increases initially, the stronger electrostatic field and repulsive forces facilitate the instability and stretching of the jet, leading to the reduction of resultant fiber diameter [34, 35] . However, further increasing the voltage can shorten the jet flight time before it is deposited in the collector, which counteracts the stretching and thinning effects. As a result, the electrospun fibers thicken as shown in the second part of Figure 4 . Furthermore, the error bars indicate that the diameter distribution of NaAlg/PEO nanofibers becomes narrower when the voltage increases. This can also be verified from Figure 3 . The likely reason for this is that increased voltage provides greater control of the solution jet and improves the jet stability.
Effect of Sodium/PEO Ratio on the Morphology and
Crystallinity of Electrospun Nanofibers. At 5% solution concentration, three NaAlg/PEO ratios, 1 : 3, 1 : 1, and 3 : 1, were used to study the resultant fiber morphology and diameter. As shown in Figure 5 , smooth and uniform nanofibers with an average diameter of 123 nm are obtained at NaAlg/PEO ratio of 1 : 3. By increasing the alginate content up to 50% (1 : 1 ratio), smooth nanofibers can still be seen with the average diameter decreasing to 105 nm. However, many spindle-like defects appear when the sodium alginate content increases further. The average diameter of alginate-based fibers decreases with alginate content. Since sodium alginate is an anionic polyelectrolyte, it seems that the charge density of the liquid jet increases, which contributes to the forming International Journal of Polymer Science of finer fibers when the ratio of alginate to PEO rises in the mixed solution. FTIR spectroscopy of electrospun fibers from solutions with varying sodium NaAlg/PEO ratios was conducted to detect any peak shifts that can indicate molecular interactions, such as hydrogen bonding or complexation, between these two mixed polymers [12, 36] . Figure 6 shows the FTIR spectra of the pure PEO and alginate-based nanofibers in the wavelength between 600 and 4000 cm −1 . The characteristic bands for sodium alginate are in the regions of 3500 and 1600 cm −1 , representing the hydroxyl groups and the asymmetric -COO − stretching vibration, respectively. On the other hand, the bands of PEO can be observed at 842 cm −1 and 1099 cm −1 because of the C-O-C bending and asymmetric stretching. Here, typical absorption bands of the pure components are used to characterize the spectrum of NaAlg/PEO blend nanofibers with the intensity of each band proportional to the ratios. As to the characteristic bands of PEO, they can be seen in all spectra of blend nanofibers. The region of C-O-C asymmetric stretching vibration at 1099 cm −1 becomes broader compared to pure PEO. This change reveals that hydrogen bonding is the underpinning mechanism in the interaction between sodium alginate and PEO. Besides, the absorption maxima of stretching vibration also shifts towards lower wavenumbers from 3369 to 3256 cm −1 as sodium alginate component increases. It is also notable that bands relating to the hydroxyl stretching vibration become much wider with the increase of alginate content. This strongly demonstrates the mutual interaction of sodium alginate and PEO via the formation of hydrogen bonds between the hydroxyl groups of sodium alginate and etheric oxygen of PEO. Figure 7 illustrates the PXRD patterns of the as-spun NaAlg/PEO nanofibers with mass ratios of 1 : 1, 1 : 3, 3 : 1, and 0 : 1. As shown in Figure 7 , no distinct peak appears in the curve of alginate powder, implying that its chemical structure is totally amorphous [37] . The pure PEO nanofiber PXRD pattern shows two large peaks at 19.2 ∘ and 23.2 ∘ , corresponding to the (120) and (112) crystallographic planes from the PEO [38, 39] . It demonstrates that the electrospun PEO fibers possess a certain degree of crystallinity. However, as the sodium alginate was mixed with PEO, the intensity of diffraction peaks at the same angles become smaller and lower, indicating the decrease of crystallinity of the resultant nanofiber from the NaAlg/PEO solution. Moreover, this decrease is proportional to the increase of sodium alginate content. The reduction of the crystallinity of the electrospun NaAlg/PEO blend fibers is probably a result of the hydrogen bond interaction from these two macromolecules.
In order to further study the variation of crystallinity, the DSC method was utilized to obtain the relevant thermal energy as a function of temperature. In a typical experiment, the latent heat with respect to the thermodynamic transition can produce an endothermic peak in the DSC pattern as the temperature reaches the crystalline melting temperature ( ). Based on the location of the peak, the crystallite chemistry of the nanofiber sample can be analyzed on a quantitative basis. Figure 8 shows the DSC curves of electrospun nanofibers. It is noticeable that a relatively large and sharp endothermic peak emerged at 76.14 ∘ C for the pure PEO nanofiber. By adding the sodium alginate component of 25%, 50%, and 75%, the peak of NaAlg/PEO blend fiber is shifted to 68.10 ∘ C, 64.68 ∘ C, and 61.27 ∘ C, respectively. It indicates that with the increase of alginate content, the crystallinity of the resultant fibers decreases, since the melting temperature decreases. This finding corresponds to the findings in the PXRD experiment.
From the above DSC patterns, crystallinity ( ) of PEO in blended nanofiber samples can be calculated via the following equation [36] :
where Δ is the heat of fusion for the nanofiber sample, Δ 0 = 188.10 J/g is the heat of fusion for 100% crystalline PEO, and is the mass fraction of PEO component in the blend nanofibers. Figure 9 shows the trends of melting point ( ) and crystallinity ( ) with the ratio of sodium alginate to PEO. It can be observed that both and decrease with the increase of sodium alginate content. This finding was also reported by Moon and his coworkers [40] . The reason for the above may be the internal stiff structure in the sodium alginate molecular chains which plays an essential role in the overall chain mobility of the blend system and acts as a retardant for the crystal growth in the nanofiber forming process [36] .
Tensile Strength of Uncoated and Nanocoated PLA
Yarn with Different Twist Levels. The tensile properties of PLA yarns depend on the internal unidirectional filaments. Figure 10 shows the influence of twist on the tensile strength of nanocoated hybrid yarns and uncoated PLA yarns. It can be seen that, with the increase of twist, the tensile strength of hybrid yarns and the tensile strength of uncoated yarns both increase initially (up to 0.5 TPC) and then decrease with further increase of TPC. With a small amount of twist, the binding force holds the filaments together and enhanced their cohesion, which reduces the effect of any weak points in the yarn. However, as the yarn is twisted more, the filaments become less and less aligned in the yarn length direction and this leads to further reduction of yarn strength. It can also be seen that the tensile strength of NaAlg/PEO nanofibercoated hybrid yarns is higher than that of uncoated PLA yarns. Coating of electrospun fibers contributes to the mutual entanglement of nanofibers and filaments inside the yarn body [32] , which increases the filament cohesion in the yarn and improves the yarn strength.
Conclusions
Sodium alginate, a biocompatible and biodegradable polymer, was successfully electrospun into nanofibers after blending with PEO. The spinnability of the biconstituent solution can be controlled with the variation of solution concentration, applied voltage, and NaAlg/PEO ratio. The results show that the electrospinning of alginate-based fibers has a relatively wide applied voltage window from 12 to 24 kV. Smooth and homogeneous fibers with a narrow diameter distribution were obtained at 5% concentration with the NaAlg/PEO ratio of 1 : 1. Furthermore, the resultant nanofiber from electrospinning was also directly coated on PLA yarn to make a hybrid yarn. In general, the nanocoated yarn possesses better tensile properties than the uncoated yarns. A small amount of twist can further improve the hybrid yarn strength. The production of NaAlg/PEO nanofiber-coated yarns makes it possible to fabricate more sophisticated structures for biological and medical applications using techniques such as weaving or knitting.
